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The effect of substitution of niobium for zirconium on tunable behavior of lead barium zirconate
PBZ films was investigated. Lead barium zirconate niobate films were grown on Pt/Ti/SiO2/Si
substrates using chemical solution deposition method. The substitution of Nb for Zr enhances
tunable properties of PBZ films. The dielectric tunabilities are excellent, all higher than 45% with
a maximum=60%. The substitution of Nb for Zr raises values of figure of merit FOM of films. The
maximum FOM takes place at 5 mol % Nb with a value of 90, which is about three times that of the
corresponding PBZ film. © 2006 American Institute of Physics. DOI: 10.1063/1.2357851The development of tunable dielectric materials for mi-
crowave device applications has received intensive
interest.1,2 The improvement of performance of tunable di-
electric materials is important in designing microwave com-
ponents such as voltage controlled oscillators, varactors, de-
lay lines, and phase shifters.3,4 Barium strontium titanate
BST thin film has been considered one of the foremost
candidates for such tunable components. One of the major
challenges encountered for realizing the integration of BST
thin films into electrically tunable devices is the simulta-
neous minimization of the dielectric loss and maximization
of dielectric tunability. Many attempts to improve the dielec-
tric properties of BST thin films have focused on film textur-
ing, improvement of the dielectric-electrode interface, con-
trol of film stress, addition of acceptor dopants, and
modification of the film microstructures. Almost no attempt
has successfully improved the dielectric tunability and di-
electric loss simultaneously. Besides, titanium-containing ox-
ides generally encounter degradation problems under high
electric field and high temperature conditions as well as un-
der moist environments. Degradation is accompanied by the
movement of charged defects such as oxygen vacancies. The
oxidation state of titanium is easily reduced from +4 to +3 at
elevated temperatures. Oxygen vacancies or electrons are
created to compensate ionically or electronically for the va-
lence variation caused by titanium reduction. Oxygen vacan-
cies and electrons result in dielectric loss and degradation.
Recently, new tunable materials, lead barium zirconate
Pb1−xBaxZrO3, PBZ, which contain no titanium ions have
been reported to possess properties comparable to barium
strontium titanate.5
PBZ is a series of materials with perovskite structure,
exhibiting antiferroelectric behavior as x=0–0.2, ferroelec-
tric behavior as x=0.2–0.4, and paraelectric behavior as x
=0.4–1.6–9 It was found that the composition region which
exhibited best dielectric tunable behavior was close to the
paraelectric-ferroelectric phase boundary, x=0.4. To enhance
the tunable properties of PBZ, dopant addition is a standard
approach. Addition of donor dopants generally increases the
tunability and dielectric loss of perovskite materials, while
that of acceptors causes the opposite influences. Suitable se-
lection of dopant is able to improve the total performance of
tunable properties. Recently, doping of Nb into ferroelectric
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found to affect dielectric constant and other electric
properties.10–12 No investigation on Nb-modified PBZ
paraelectric materials has been reported.
In this work, we report the characteristics of lead barium
zirconate niobate Pb0.6Ba0.4Zr1−xNbxO3, PBZN films
and the enhancement of tunable properties of PBZ films after
replacement of donor Nb for Zr. The replacement of Nb for
Zr not only increases the dielectric tunability but also de-
creases the dielectric loss of PBZ films.
The PBZN thin films were prepared by a chemical solu-
tion deposition process. The precursor solution was synthe-
sized from lead acetate trihydrate, barium acetate, zirconium
acetylacetonate, and niobium ethoxide. Lead acetate trihy-
drate and barium acetate were dissolved in propionic acids
and mixed at 110 and 70 °C, respectively, for 6 h with
concentrations=0.6 mol/kg. Zirconium acetylacetonate was
dissolved in propionic acid at room temperature for 3 h with
concentration=0.8 mol/kg. Niobium ethoxide was dissolved
in 2-methoxyethanol at 110 °C and refluxed for 3 h with
concentration=0.4 mol/kg. These solutions were then mixed
at room temperature for 3 h. The nominal compositions of
the solutions are described as Pb0.6Ba0.4Zr1−xNbxO3 x
=0.01, 0.05, and 0.1 with 5 mol % excess Pb for lead loss
compensation. The Pb/Ba ratio was chosen as 0.6/0.4 be-
cause PBZ films of this ratio exhibit the best tunable
performance.5 The concentration of the precursor solution
was 0.3 mol /kg. To fabricate PBZN thin films, the precursor
solution was spin coated on Pt/Ti/SiO2/Si substrates under
150 rpm for 10 s and 2500 rpm for 30 s, followed by baking
at 150 °C for 5 min and then 350 °C for 10 min. The spin
coating process was generally repeated four times. The films
were then heated at 650–750 °C for 20 min in O2 atmo-
sphere. The thickness of the heat-treated PBZN films was
approximately 210 nm.
Measurement of electric properties was conducted in the
form of metal-insulator-metal capacitor cell. Pt electrodes
having a diameter of 100 m were deposited on the PBZN
films by dc sputtering. X-ray diffraction XRD patterns
were carried out using Cu K radiation source Rigaku-D/
MAX. The surface morphology was analyzed by field emis-
sion scanning electron microscope SEM JSE 6500F.
Polarization-electric field P-E curves of the PBZT films
were determined by RT66A Radiant Technology.
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DownlCapacitance-voltage measurements were carried out at
1 MHz by using an HP 4284 analyzer.
The XRD patterns of the PBZN thin films annealed at
650, 700, and 750 °C for the three levels of Nb substitution
exhibit pure perovskite structure without secondary phases.
The substitution of Nb for Zr does not affect the peak inten-
sities of films. Thus, the substitution of Nb for Zr does not
have a significant effect on the formation of perovskite phase
nor on the crystal quality of films.
The microstructures of all PBZN films exhibit the same
features. Figure 1 displays the microstructures of the 1%
PBZN films annealed at 650–750 °C. PBZN films possess a
bimodal distribution of grains similar to pure PBZ films. The
large grains are 200–300 nm, which do not change much
with the annealing temperatures. In contrast, the small grains
which are concentrated among large grains grow with the
annealing temperatures. The amount of small grains is about
20–30 vol % in PBZN films, but no second phases were
detected by XRD. Therefore, the small grains are also per-
ovskite. It is to be noted that pores appear inside the large
grains in films annealed at 750 °C, suggesting that abnormal
grain growth occurs during annealing that pores are left be-
hind by the grain boundary. No pores in large grains are
observed in films annealed at 650 and 700 °C, where the
grain growth is not so extensive. Films annealed at 700 °C
possess the best microstructure and crystal quality, therefore
PBZN films were treated at 700 °C for further investigation
on the effect of Nb content on the electric properties and
tunable behavior of PBZN films.
The P-E curves of PBZN films annealed at 650–750 °C
exhibit no hysteresis loops not shown, demonstrating that
they are essentially paraelectric. The dielectric constant and
dissipation factor tan  of PBZN films are almost indepen-
dent of frequencies in the range of 100–1 MHz. Figure 2
shows the dielectric constant and dissipation factor, mea-
sured at 1 MHz, of PBZN films annealed at 700 °C. The
dielectric constant increases with the Nb content up to
5 mol % and then decreases at 10 mol % Nb. A similar phe-
nomenon in investigating the effect of Nb content on the
dielectric constant of Pb0.75Ba0.25 Zr0.70Ti0.30 O3 ceramic
was observed. It was reported that dielectric constants in-
oaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to AIP liccreased with the Nb content initially, and then decreased with
a maximum occurring at 3 mol % Nb.10 The dielectric con-
stant of the 5 mol % PBZN film is 230, which is almost
double that of the corresponding PBZ film without Nb. Gen-
erally, materials possessing higher dielectric constant exhibit
higher variation of dielectric constant with electric field,
which is advantageous in tunable application. The dissipation
factor decreases with increasing Nb with a slight increase at
10% Nb. The lowering of dissipation factor is very positive
in this kind of application.
Figure 3 displays the bias-field dependence of the dielec-
tric constant and dissipation factor measured at 1 MHz for
the three PBZN films and the corresponding PBZ film an-
nealed at 700 °C. The dielectric constant curves of 0% and
1% Nb films are too close to tell. The dielectric constant and
the variation of dielectric constant with bias field increase
with the content of Nb, with maximal properties occurring at
5 mol % Nb substitution. The dielectric tunability is calcu-
lated by the following formula:
tunability =
k0 − ke
k0
 100 % ,
where k0 and ke represent the dielectric constant value at zero
and the maximum applied electric field, respectively. Figure
FIG. 1. SEM images of the 1 mol % Nb films annealed
at a 650 °C, b 700 °C, and c 750 °C.
FIG. 2. Dielectric constant and tan  of PBZN films annealed at 700 °C as
a function of Nb content.
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Downl4 shows the variation of tunability of PBZN films annealed
at 700 °C with the content of Nb substitution. The maximum
dielectric tunability occurs at 5 mol % Nb content. Dielectric
tunabilities of PBZN films are excellent, all higher than 45%.
The maximum of tunability is about 60%, which occurs at
5% Nb. The curves of the dissipation factor of the three
Nb-modified PBZN films are close to one another. Nb sub-
FIG. 3. DC bias-field dependence of dielectric constant and dissipation fac-
tor at 1 MHz for PBZN thin films annealed at 700 °C.
FIG. 4. Tunability and FOM of PBZN films annealed at 700 °C as a func-
tion of Nb content.oaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to AIP licstitution for Zr reduces the dissipation factor significantly.
In electrically tunable applications, the figure of merit
FOM is usually used to evaluate the quality of ferroelectric
films. The FOM is defined as
FOM =
tunability
tan 
.
Figure 4 also exhibits the FOM of PBZN films annealed at
700 °C as a function of Nb content. The substitution of Nb
for Zr raises the FOM of PBZN films. The maximum FOM
takes place at 5 mol % Nb, with a value of 90 which is about
three times that of the corresponding PBZ film. This remark-
able increase of FOM by substitution of Nb for Zr is due to
the simultaneous increase of tunability and decrease of dis-
sipation factor, which is seldom observed in tunable
materials.
In sum, tunable PBZN films were deposited on
Pt/Ti/SiO2/Si substrates using a chemical solution deposi-
tion method. The substitution of Nb for Zr enhances the di-
electric tunable properties of PBZ films. The dielectric tun-
abilities of PBZN films are excellent, all higher than 45%.
The substitution of Nb for Zr raises the FOM of PBZN films.
The maximum FOM takes place at 5 mol % Nb, with a value
of 90 which is about three times that of the corresponding
PBZ film.
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